Abstract: In a previous report (M.S. Wadhwa et al. (1997) Bioconjugate Chem. 8, 81±88), we synthesized a panel of polylysine-containing peptides and determined that a minimal repeating lysine chain of 18 residues followed by a tryptophan and an alkylated cysteine residue (AlkCWK 18 ) resulted in the formation of optimal size (78 nm diameter) plasmid DNA condensates that mediated ef®cient in vitro gene transfer. However, a detailed chromatographic and electrospray mass spectrometry analysis of low molecular weight polylysine revealed it to possess a much lower than anticipated average chain length of dp 6. Thus, the short chain length of low molecular weight polylysine explains its inability to form small DNA condensates and mediate ef®cient gene transfer relative to 311
Introduction
A variety of nonviral gene transfer agents have been developed as carriers that mediate the in vitro and in vivo transfer of foreign DNA. These generally fall into the three categories of cationic lipids (1) , synthetic polymers (including dendrimers, polyethylenimine and peptiods) (2±5) and peptides (6±8).
Among the peptides studied as gene delivery agents, polylysine has been shown to bind electrostatically to DNA and form condensates in which the peptide length in¯u-ences particle size and the resulting gene transfer ef®ciency (9, 10) . One study found that condensed DNA particle size decreased with decreasing polylysine chain length such that 4 kDa polylysine produced 20±30 nm DNA condensates whereas 224 kDa polylysine resulted in 120±300 nm DNA condensates (9) . A more recent study reported that 27 kDa polylysine forms 2-mm diameter particles that are poor mediators of gene transfer relative to other cationic polymers (10) . We have previously synthesized DNA-condensing peptides composed of cysteine, tryptophan and 3±36 residues of lysine in an attempt to de®ne the minimal polylysine chain length needed to mediate ef®cient gene transfer (17) .
According to this design, the cysteine residue served as a speci®c functional group for ligand attachment and the tryptophan afforded a hydrophobic chromophore to aid in high-performance liquid chromatography (HPLC) puri®ca-tion. Detailed analysis of these peptides established that a continuous sequence of 18 lysines was suf®cient to condense plasmid DNA into 78 nm particles, whereas shorter polylysine chains exhibited weaker af®nity and resulted in larger (200±2000 nm) DNA condensates which were inferior in mediating in vitro gene expression (17) .
During the course of this study, we found that commercially available low molecular weight (LMW) polylysine (1000± 4000 Da) formed much larger condensates and failed to mediate signi®cant gene expression. It was suggested that, in addition to polylysine chain length, the insertion of an aromatic amino acid may contribute to the DNA-binding af®nity and the formation of small condensates through intercalation.
Several studies have previously observed enhanced peptide binding to DNA through intercalation of aromatic amino acid residues (18±20). NMR experiments demonstrated that a synthetic peptide (YSPTSPSY) positioned two tyrosine residues to simultaneously intercalate with DNA to enhance its binding af®nity (18) . Likewise, the chirality and position of an aromatic amino acid within a peptide was also found to in¯uence the intercalation and the binding af®nity to DNA (19) . Furthermore, the number of aromatic amino acids correlated with the degree of intercalation into DNA such that peptides containing . 30% aromatic amino acids had higher af®nity for DNA than polylysine (20).
In the present study we correlated the relative DNA- CWK 18 was puri®ed as described previously (17) . FBS. The cells were incubated for a total of 24 h then harvested and analyzed for luciferase as described above.
Results and Discussion
Solid-phase synthesis of polylysine-containing peptides is complicated by poor yields arising from the repeating sequence and by dif®culty in puri®cation of the desired full-length peptide. These problems can be minimized through double coupling, end-capping, and by positioning a hydrophobic aromatic amino acid near the N-terminus to allow peak identi®cation on RP-HPLC, strategies that proved successful in the synthesis of CWK 18 .
Consequently, substitution of tryptophan with tyrosine to prepare CYK 18 ( Fig. 1) was of no greater synthetic challenge than the synthesis of CWK 18 and was viewed as a ®rst step toward determining whether tryptophan enhanced the binding of CWK 18 to DNA. A difference in the DNA intercalation of aromatic residue in AlkCYK 18 and AlkCWK 18 could lead to differences in binding af®nity and the resulting DNA condensate particle size. However, a detailed comparison of the¯uorescence quench and total light-scattering titration curves for AlkCWK 18 and AlkCYK 18 indicated no signi®cant difference in their binding to DNA ( Fig. 2A, B) . Each peptide fully displaced the intercalating dye at a 1.1 : 1 amine : phosphate ratio.
The light-scattering pro®les established that each condensate was fully formed at stoichiometries above a 2.5 : 1 amine : phosphate ratio. Likewise, QELS analysis of AlkCWK 18 and AlkCYK 18 DNA condensates indicated that each formed a major (. 95%) population of particles with a mean diameter of 43 nm ( Fig. 2A', B') . Thus, the physical properties of AlkCWK 18 and AlkCYK 18 DNA condensates were indistinguishable.
AlkCWK 18 and AlkCYK 18 DNA condensates were also compared for in vitro gene transfer in HepG2 cells. Both mediated essentially equivalent levels of gene expression in the presence of chloroquine and serum which was slightly higher than that mediated by LipofectAce in the absence of chloroquine and serum (Fig. 3) . These results suggested that either the aromatic residue in AlkCWK 18 and AlkCYK 18 function equivalently or that these residues do not signi®cantly in¯uence peptide binding, condensation and gene transfer ef®ciency of DNA.
The further comparison of the properties of homogenous polylysine DNA-condensing peptides required the removal of the aromatic residue to prepare K 20 . However, this complicated the isolation of the full-length peptide due to the lack of hydrophobic chromophore during HPLC puri®cation. Consequently, this obstacle was overcome while synthesizing K 20 by retaining Fmoc on the N-terminus during the ®nal cycle of synthesis, thereby using it as removable chromophore following RP-HPLC puri®cation.
Comparison of the¯uorescence and total light-scattering titration for K 20 and commercially available LMW polylysine established that K 20 completely quenched thē uorescence at an amine : phosphate ratio of < 2 : 1, while LMW polylysine bound to DNA over a broader range and only reached an equivalent point at an amine : -phosphate ratio of < 4 : 1 (Fig. 2C, D) . In contrast, the total The most signi®cant difference between K 20 and LMW polylysine was the particle size of their DNA condensates.
K 20 formed small DNA condensates of < 32 nm diameter (Fig. 2C' ) which were comparable with those formed by AlkCWK 18 and AlkCYK 18 ( Fig. 2A', B' ), whereas LMW polylysine formed large DNA condensates that were . 1 mm in diameter (Fig. 2D') . ( Fig. 1 ) but proved unsuccessful for characterizing the mass of LMW polylysine. Therefore, cation-exchange chromatography was used to separate LMW polylysine into its component peptides (Fig. 4A) . Coelution of K 20 with LMW polylysine not only established the polydispersity of the later, but also revealed its average molecular weight to be signi®cantly lower than dp 20, since polylysines are retained according to their number of cationic charges. This was con®rmed by isolating the major LMW polylysine peptide which produced an ES-MS mass of 786.5 con®rming it as dp 6 ( Fig. 4B) . A 10% impurity of dp 6 produced an ion
at m/z of 220.3 predicting a mass of 658.2 corresponding to dp 5. Since the molar absorptivity of each polylysine peptide is dependent on the number of lysine residues, the cation-exchange chromatograph represents a weight average distribution analysis of the polypeptide mixture. Thereby, dp 5, 6 and 7 are the major peptides based both on a weight and mol basis.
The conclusion drawn from this study is that a peptide of The polydispersity of LMW polylysine was determined using cation-exchange HPLC, which includes a spiked sample of K 20 as indicated in (A). ES-MS analysis of the major LMW polylysine peak established it as dp 6 as illustrated in (B). The results con®rmed an average chain length of 6 for LMW polylysine. peptides (degree of polymerization (dp) 10) condense DNA, but form large particles that are . 1 mm in size (17) . 
